Introduction
Mercury digallium selenide (HgGa 2 Se 4 ) is one of the less studied adamantine-type A II B 2 III X 4 VI ordered-vacancy compounds (OVCs). It crystallizes in the tetragonal defect-chalcopyrite (DC) structure with space group (SG) I-4, Z = 2 [see Fig. 1(a) ]. Adamantine OVCs are tetrahedrally-coordinated semiconductors which have an unoccupied cationic site [1, 2] . The presence of vacancies results in a complex physics and explains why OVCs have been scarcely studied. A common feature of them is that they have several non-equivalent tetrahedrally-coordinated cations resulting in a distortion of the crystal lattice from the cubic symmetry. This fact, their anisotropy, and their band-gap energies make them suitable for many technological applications [3, 4] .
High-pressure (HP) studies on A II B 2 III X 4 VI compounds are receiving increasing attention in the last years [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In particular, ternary selenide compounds have been recently studied [3, 4, [6] [7] [8] [9] [10] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, to our knowledge, only one work has been devoted to HgGa 2 Se 4 [3] , being focused on optical properties. In order to improve the knowledge of the HP behavior of AGa 2 Se 4 compounds, we report here synchrotron XRD measurements in HgGa 2 Se 4 . In particular, we show evidence of the presence of two new phases. They can be probably assigned to a disordered rocksalt (DR) structure (SG: 
Experimental
Single crystals of DC-HgGa 2 Se 4 have been grown from its constituents HgSe and Ga 2 Se 3 by chemical vapor transport method using iodine as a transport agent [21] . Chemical and structural analyses have shown the stoichiometric composition of the crystals and no spurious phases have been observed. Ambient We report on high-pressure x-ray diffraction measurements up to 17.2 GPa in mercury digallium selenide (HgGa 2 Se 4 ). The equation of state and the axial compressibilities for the low-pressure tetragonal phase have been determined and compared to related compounds. HgGa 2 Se 4 exhibits a phase transition on upstroke toward a disordered rock-salt structure beyond 17 GPa, while on downstroke it undergoes a phase transition below 2.1 GPa to a phase that could be assigned to a metastable zinc-blende structure with a total cation-vacancy disorder. Thermal annealing at low-and high-pressure shows that kinetics plays an important role on pressure-driven transitions.
ß 2013 Elsevier Ltd. All rights reserved. pressure x-ray diffraction and Raman spectroscopy confirmed that our sample has a DC-type structure.
We have carried out a HP angle-dispersive powder x-ray diffraction (XRD) experiment at room temperature. This experiment was performed up to 17.2 GPa at beamline ID27 of ESRF using a monochromatic beam (l = 0.3738 Å ) with a beam diameter of 5 mm full-width at half maximum. In this experiment samples were loaded in a modified Merrill-Basset diamond anvil cell (DAC) allowing access to an angular range of 2u = 258. HgGa 2 Se 4 powder was placed in the 150 mm-diameter hole of a stainless-steel gasket pre-indented to a thickness of 50 mm. XRD images were collected using a MARCCD detector located at 238 mm away from the sample and then integrated and corrected for distortions using FIT2D [22] . The typical acquisition time was 10 s. In this case samples were loaded in the DAC with MgO which was used both as the pressure-transmitting medium (PTM) and as pressure marker using its equation of state (EOS): B 0 = 154.7 GPa and B 0 0 = 4.69 [23] . We select the use of this pressure medium because the nonhydrostatic conditions thus generated favor the occurrence of phase transitions [24, 25] . The indexing and refinement of the powder patterns were performed using the UNITCELL [26] , POWDERCELL [27] and GSAS program packages [28, 29] . Table 1 summarizes the lattice parameters and atomic positions of DC-HgGa 2 Se 4 , obtained at 1 bar from a Rietveld refinement of our XRD pattern. The refined parameters were: the scale factor, lattice parameters, profile coefficients, fractional coordinates of the Se anion, and the overall displacement factor. The background was subtracted previously. Our results agree with those of Refs. [30] and [31] which are also shown in Table 1 for comparison. Vertical marks indicate the Bragg reflections for the DC phase at 1 bar at the upstroke, for the DR and DC phases and MgO at 16.2 GPa at the upstroke, and for the DZ phase at 2.1 GPa at the downstroke. Plus (+) symbols refer to reflections attributed to the disordered rocksalt phase and MgO reflections are marked with * symbols.
Results and discussion
In Fig. 2 diffractograms from 1 bar to 17.2 GPa on upstroke correspond to the low-pressure tetragonal DC phase and show that diffraction peaks move to higher angles as pressure increases, thus indicating that the interplanar distances decrease. It is also observed that peak widths of the DC-HgGa 2 Se 4 phase increase gradually above 7 GPa which implies that hydrostatic conditions are deteriorating with increasing pressure. On the other hand, in general, HgGa 2 Se 4 peaks move faster than those of MgO as can be seen from the (1 1 1) MgO Bragg reflection located at 8.938 at 7.1 GPa. This reflection is overtaken at 10.1 GPa by the (2 1 1) DCHgGa 2 Se 4 Bragg reflection located at 8.718 at 1 bar. This fact is a consequence of the different compressibility of MgO and HgGa 2 Se 4 . At 17.2 GPa all peaks broaden considerably and two new broad peaks appear (see + marks). We have interpreted this result as a signature of the onset of a non-reversible phase transition. In order to release strain in the sample at 17.2 GPa we annealed the sample (393 K during 1 h) using an external heater [32] . After thermal treatment, pressure decreased slightly (16.2 GPa) and the new XRD pattern showed some remnant peaks from the initial DC phase and a major proportion of a new phase that can be assigned to the DR structure phase previously proposed for related compounds [10, [16] [17] [18] [19] . According to the relation of intensities of Bragg peaks of both phases [33] , we can estimate that an 85% of the sample was transformed to the HP phase. Unfortunately, the DAC we used prevented us from going to higher pressures. A Rietveld refinement of the difractogram measured at 16.2 GPa at the upstroke which shows the coexistence of the DR and DC phases along with MgO is included in Fig. 2 . The multiphase Rietveld gives the same result for the amount of sample transformed to the HP phase. Table 2 summarizes the crystallographic parameters of DR-HgGa 2 Se 4 at 16.2 GPa. The quality of the structural refinement is similar for the pattern collected at 16.2 GPa after annealing and for the pattern collected at 1 bar (see Fig. 2 and residuals in Tables 1 and 2) .
On decompression we took several XRD patterns showing the coexistence of DR and DC phases till 5.7 GPa, with the DR phase being in all cases the dominant one. Below 5.7 GPa the peaks of the HP phase disappear and broad XRD peaks appear as shown in the spectrum of Fig. 2 at 2.1 GPa (solid line) on downstroke. As we will discuss below, apparently the changes observed in the XRD pattern can be assigned to a transition to a phase different than the lowand high-pressure phases previously described. The XRD patterns of this new phase can be attributed to a DZ structure. Again, in order to release strain, we annealed the recovered sample at 2.1 GPa (393 K during 30 min). After thermal treatment, pressure decreased to 1.5 GPa and the new XRD pattern showed a welldefined tetragonal structure, which proved to be similar to the structure of the low-pressure phase, but with broader peaks that could evidence some degree of disorder in the sample. A plausible hypothesis that can explain this phenomenon is that the cation and vacancy disorder caused during the DC-to-DR transition cannot be reordered upon decompression resulting in the appearance of a metastable DZ phase on decompression. The additional energy provided by the thermal annealing helps to reduce disorder and relax stresses favoring the recovery of the thermodynamically stable low-pressure phase. A DZ structure has been already found in CdGa 2 Se 4 [10] , CdAl 2 Se 4 [17] , CdAl 2 S 4 [19] , and HgAl 2 Se 4 [19] on decreasing pressure from the DR structure.
As mentioned above, a detailed study of the XRD pattern obtained on downstroke at 2.1 GPa before annealing evidence the presence of a possible metastable phase with DZ structure. Fig. 2 shows the comparison of the diffraction pattern measured upon decompression at 2.1 GPa (solid line) and the calculated pattern (dash-dotted line) for a DZ phase. A lattice parameter of 5.45(1) Å provides the best matching to the new peaks assigned to the DZ structure. To facilitate the comparison of both diffractograms, the background was subtracted in the measured one and the simulated diffractogram was modeled with profile parameters obtained by comparison to the measured one using the Powdercell software. The resemblance of both experimental and calculated diffractograms is quite good. The broad aspect of the allowed zinc-blende diffraction Bragg reflections is likely to be a consequence of the complete disorder of cations and vacancies at the only cation site (4a Wyckoff position) in the metastable zinc-blende structure (see Table 2 ).
We would like to mention here that because of the broad bands of the diffraction pattern measured at 2.1 GPa and the fact that some of the Bragg peaks attributed to the DZ phase have quite a low intensity a structural refinement cannot be performed. Note also that, because the high symmetry of both the DR and DZ structures, a maximum of 6 to 8 Bragg peaks of them can be detected working in a diamond-anvil cell even using short Table 1 Experimental crystallographic parameters of tetragonal (I-4, Z = 2) HgGa 2 Se 4 at room conditions. The residuals for the Rietveld refinement are R p = 11% and R wp = 16.4%. (6) a Our XRD experiment. b Ref. [30] . c Ref. [31] . wavelength like in this work. This fact also precludes the performance of a kosher structural refinement even for simple structures like DR and DZ in which neither atom possesses any internal degree of freedom. In previous works, both phases have been identified in related compounds with less than six reflections, but not proper structural refinements were carried out [10, 17, 19] All these facts indicate that in the future it will be necessary to carry out single-crystal XRD experiments [34] in order to properly determine the crystal structure of the new HP phases observed in OVCs. Another interesting issue to explore in the future is the role of kinetics. The fact that thermal annealing is required for completion of the transitions triggered by compression or decompression shows that kinetical barriers could be relevant in the studied transitions. On the other hand, our observation of a tetragonal phase at 1.5 GPa after heating a decompressed sample with DZ structure at 2.1 GPa is compatible with previous studies that show a recrystallization of the DC structure in Zn 1 À x Mn x Ga 2 Se 4 after a moderate heating of samples with the defect stannite structure, which already has some degree of disorder, above 300 8C in vacuum and decreasing temperature in a controlled way [35, 36] . Fig. 3 shows the pressure dependence of the lattice parameters for DC-HgGa 2 Se 4 from our experiment. The axial compressibilities for a and c axes at zero pressure, defined as k x ¼ ðÀ1=xÞ ð@x=@PÞ and obtained by fitting of a Murnaghan EOS to experimental data [37] , are k a = 9(2) Â 10 À3 GPa À1 and k c = 5(1) Â 10
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À3 GPa
À1 . It can be observed that there is an anisotropy in the axial compression being the a axis more compressible than the c one. This result agrees with previous results for related compounds [10, 16, 18, 19, 38] . Fig. 4 shows the volume of the DC phase vs. pressure plot obtained from our experiment (circles). Experimental data for the DR phase on downstroke and the DZ phase at 2.1 GPa are shown as diamonds and squares, respectively. We have fitted our volume vs. pressure data for the DC phase with a third order BirchMurnaghan EOS [39] . The fitting of the data of Fig. 4 (dashed line) with a volume at zero pressure fixed at a value of V 0 = 352.70(16) Å 3 (the measured value at ambient pressure) and the bulk modulus pressure derivative at zero pressure fixed at a value of B 0 0 = 4 gives a bulk modulus of B 0 = 52(2) GPa. The EOS parameters are summarized in Table 3 together with parameters obtained from a different experiment carried out with a laboratory diffractometer using methanol-ethanol as pressure transmitting medium to reduce deviatoric stresses and in a reduced pressure range (13.2 GPa) to avoid the influence of precursor effects [40] of the pressure-driven transition on the structure of the low-pressure phase [38] . If we compare the obtained value for B 0 when B 0 0 is fixed to 4 for both experiments, it can be seen that the B 0 for the experiment when MgO is used as PTM is about 16% greater than the B 0 obtained when methanolethanol is used as PTM. This result confirms the overestimation of B 0 under non-hydrostatic conditions noted in previous works [24, 25, [41] [42] [43] . Finally, we note that the obtained value for B 0 in DC-HgGa 2 Se 4 from our experiment with MgO as PTM is similar to that obtained for DC-CdGa 2 Se 4 (B 0 = 41.5(2) GPa) [10] , DCMnGa 2 Se 4 (B 0 = 44(2) GPa) [16] , DC-CdAl 2 Se 4 (B 0 = 52.1 GPa) [17] , and DS-ZnGa 2 Se 4 (B 0 = 47(2) GPa) [18] .
As regards the DR phase, it can be observed from Fig. 4 that it is less compressible than the DC phase. We have estimated a relative (5) 44.9 (7) 4 (fixed) [18, 45] . Furthermore, a c/a ratio very close to 2, or equivalently a very small tetragonal distortion of the tetragonal phase, has been considered up to now as a measure of complete cation-vacancy disorder [31, 44] . Therefore, our results show that DC-HgGa 2 Se 4 , like other DC compounds [4, 10, 16] , tends to a more symmetrical structure on compression prior to undergoing the phase transition to the DR structure at 17.2 GPa. To conclude we would like to comment on the different coordination found on the DC, DR, and DZ structures shown in Fig. 1 . The low pressure DC phase has four-fold coordination where cations are tetrahedrally-coordinated while anions are surrounded by three cations and a vacancy. The high pressure DR phase has sixfold coordination where cations and anions are octahedrallycoordinated. In this way, the phase transition implies an increase of the symmetry of the crystal and is accompanied by a change of coordination of the cations from tetrahedral to octahedral. On the other hand, the metastable DZ phase has again four-fold coordination as the original DC phase.
Summary
We have performed XRD measurements in defect chalcopyrite HgGa 2 Se 4 under compression. The experiments show that the pressure dependence of the volume and lattice parameters of DCHgGa 2 Se 4 behaves in a similar way to other adamantine OVCs. The axial compressibilities and the equation of state of HgGa 2 Se 4 have been obtained for the tetragonal DC structure under nonhydrostatic conditions. It is observed that the tetragonal structures of OVCs tend to become more symmetric under compression irrespective of the conditions of hydrostaticity. A non-reversible phase transition to the disordered rock-salt phase on increasing pressure has been found. On decreasing pressure the sample was found to undergo a phase transition to a metastable structure that might be attributed to a disordered zinc-blende structure. Apparently kinetic effects play an important role on the occurrence of the reported phase transitions. This is evidenced by the fact that thermal annealing favors the occurrence of phase transitions.
